Abstract Nanoparticles are being explored in many different applications due to the unique properties offered by quantum effects. To broaden the scope of these applications, the deposition of nanoparticles onto substrates in a simple and controlled way is highly desired. In this study, we use resonant infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE) for the deposition of metallic, silver nanoparticles for plasmonic applications. We find that RIR-MAPLE, a simple and versatile approach, is able to deposit silver nanoparticles as large as 80 nm onto different substrates with good adhesion, regardless of substrate properties. In addition, the nanoparticle surface coverage of the substrates, which result from the random distribution of nanoparticles across the substrate per laser pulse, can be simply and precisely controlled by RIR-MAPLE. Polymer films of poly(3-hexylthiophene-2,5-diyl) (P3HT) are also deposited by RIR-MAPLE on top of the deposited silver nanoparticles in order to demonstrate enhanced absorption due to the localized surface plasmon resonance effect. The reported features of RIR-MAPLE nanoparticle deposition indicate that this tool can enable efficient processing of nanoparticle thin films for applications that require specific substrates or configurations that are not easily achieved using solution-based approaches.
Introduction
The simple, benchtop synthesis of nanoparticles has facilitated studies of these materials applied to a variety of fields [1, 2] . Over the past 20 years, nanoparticles have been used for solar cells [3] , LEDs [4] , photodetectors [5] , drug delivery [6] and plasmonics [7, 8] . With respect to the synthesis of colloidal nanoparticles, one important step is to incorporate organic ligands that prevent nanoparticles from aggregating during growth [9] . In addition, these organic ligands passivate the nanoparticle surface and can determine the solubility of the nanoparticles. Due to a broad range of compatible solvents, nanoparticles can be deposited as pure or blended films by straightforward, laboratory techniques for thin-film deposition, such as drop-casting or spin-casting. For drop-casting, the deposited nanoparticle films are not uniform, with large variance in the thickness across the films. The spin-cast method usually yields more uniform nanoparticle films; however, it is challenging to deposit thick films with a single-layer spin procedure due to the low viscosity of the nanoparticle solution that results in poor attachment to the substrate surface. Thus, despite the many benefits of these simple thin-film deposition techniques, the resulting nanoparticle films are far from ideal.
More recent solution-based processing techniques for nanoparticle thin films include the multi-layer spin-casting procedure for thick nanoparticle films, in which surface ligands are removed from a deposited film to prevent the dissolution of the previous layer during spin-casting of the next layer [10] . Other methods, such as self-assembly [11] and adsorption of nanoparticles onto oppositely charged substrates [12] , provide precise control of the nanoparticle film. Yet, these techniques are specifically designed for certain substrates or nanoparticle material systems. One way to circumvent the challenges of solution-based processing is to deposit nanoparticles in a ''dry'' state. Vacuum-based deposition of nanoparticle films could avoid problems arising from the wetting/dewetting of nanoparticles on the substrate and the possible redissolution issues encountered by the multi-layer spin-casting method.
In previous studies, the pulsed laser deposition (PLD) technique has been applied to deposit silver nanoparticles from a solid silver target, in which the generation of nanoparticles occurs during the course of the laser-target interaction [13] [14] [15] . In this paper, we employed resonant infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE), another vacuum-based approach, to deposit assynthesized silver nanoparticles. In contrast to PLD, RIR-MAPLE does not generate silver nanoparticles during the deposition. Instead, it transfers the as-synthesized silver nanoparticles from the target onto the substrate. This ability to directly transfer as-synthesized nanoparticles has two important features. First, we can still take advantage of the versatility of colloidal chemistry to deposit a wide range of nanoparticles, such as core-shell nanoparticles or nanoparticles with unique organic ligands for functionalization. In contrast, the types of nanoparticles that can be deposited by PLD are limited by the solid target. Second, we can blend nanoparticles with polymers using sequential deposition by RIR-MAPLE [16] ; however, this is difficult to achieve by PLD because the process degrades the polymer during deposition. While RIR-MAPLE is a variation of pulsed laser deposition (PLD), it has two distinguishing aspects. First, the target for laser irradiance is not a pure solid material; instead, the guest material (e.g., silver nanoparticles) is dissolved into a matrix solvent (e.g., de-ionized (DI) water) that is subsequently frozen to form a solid target. Second, the laser is not a high energy, ultrafast UV-laser, but a lower energy infrared laser (Er:YAG) with a pulse width of 90 ls and a peak wavelength of 2.94 lm that is resonant with a specific vibrational mode frequency in the matrix solvent (-OH bond). Therefore, the laser energy is absorbed primarily by the matrix solvent, which minimizes degradation of the guest material (both photochemical and structural).
Previous studies have shown the ability of MAPLEbased techniques to deposit TiO 2 [17] , SnO 2 [18] and CdSe [19] nanoparticles for different applications such as gas sensors [20] and solar cells [16] . In this paper, we use RIR-MAPLE to deposit silver nanoparticles for plasmonic applications. We show that by using RIR-MAPLE for thinfilm deposition, relatively large silver nanoparticles (*80 nm) could be deposited onto different types of substrates. In addition, the surface coverage of the silver nanoparticles can be precisely controlled by tuning the target concentration and/or deposition time in the RIR-MAPLE process. Finally, RIR-MAPLE was used to deposit a bi-layer film of silver nanoparticles coated with a conjugated polymer film of poly(3-hexylthiophene-2,5-diyl) (P3HT), which showed enhanced absorption compared to the P3HT film alone. The results of these studies indicate the power of the RIR-MAPLE technique to deposit nanoparticles in a general and controlled manner that can be applied to a broad range of nanoparticle/substrate material systems, as well as integrated with polymeric thin films in multi-layer structures.
Experimental details
The synthesis of silver nanoparticles followed previous reported procedures [21, 22] with slight modification [23] . In short, a round-bottom flask with a 5 mL of ethylene glycol and mixture of the following four chemicals (also dissolved in ethylene glycol): sodium hydrosulfide hydrate (NaSH 1.3 mM, 60 lL), poly vinylpyrrolidone (PVP 20 mg/mL, 1.25 mL), hydrochloric acid (HCL 2.5 lM, 500 lL) and silver trifluoroacetate (AgC 2 F 3 O 2 0.0623 g/ mL, 400 lL) was heated and stirred (260 rpm) in a hot oil bath at 150°C. The heating time determines the size of the nanocubes. This synthesis enables the fabrication of nanocubes with side lengths ranging from 50 to 100 nm. For example, in this present work, a heating time of 2.5 h was used and resulted nanocubes have side lengths of *75 nm with slightly rounded corners (radius of curvature *10 nm). A longer synthesis time ([3 h) will lead to larger nanoparticles; however, this may also result in different shapes such as truncated nanocubes or octahedrons. The final solution was centrifuged and re-suspended in deionized water and may be stored for at least 1 month in a fridge at 4°C without any noticeable changes in the plasmon resonances [24] .
The deposition of silver nanoparticles was based on standard techniques [25, 26] . First, the as-synthesized silver nanoparticle solution was diluted by DI water to achieve the desired concentration. It is important to note that the maximum silver nanoparticle concentration used was 3 mg/mL, which corresponds to a total volume of 0.0023 cm 3 , assuming the bulk density of silver nanoparticles is 1.3 g/cm 3 . This volume is three orders of magnitude less than that for the water matrix, which surrounds the nanoparticles as a continuous phase. Next, the prepared solution (6 mL total) was injected into the chilled target cup (-190°C, cooled by liquid nitrogen) using a syringe. After target preparation, the chamber was evacuated and the laser was turned on to irradiate the frozen target for different deposition times. The incident laser fluence was 1.8 J/cm 2 per pulse with a 2 Hz repetition rate. Considering the absorption coefficient of water ice at the laser fluence used during deposition (*2000 cm -1 ) [27, 28] , the laser irradiance drops to 1/e of the original value after 5 lm distance, so most of the laser energy is absorbed by water before reaching the silver nanoparticles. The substrate temperature was not actively controlled (which means it was below freezing due to the target cold block in vacuum), and the target-to-substrate distance was maintained at 7 cm. The deposition of P3HT films by RIR-MAPLE followed a similar procedure to that for the silver nanoparticles, with the exception that an emulsion target was used. The emulsion contained: (1) 1,2,4-trichlorobenzene (TCB) as the primary solvent to dissolve P3HT, (2) phenol as the secondary solvent to both enrich the -OH bond in the emulsion and stabilize the emulsion under the high vacuum, and (3) DI water with 0.001 wt% sodium dodecyl sulfate (SDS) to complete and stabilize the emulsion, as well as provide the main contribution of -OH bonds to absorb the incident laser energy. The volume ratio between TCB, phenol, and water was 1:0.25:3.
The SEM images were obtained using an FEI XL30 SEM with 30 kV voltage. The surface coverage of silver nanoparticles was defined as the ratio of the area of silver nanoparticles to the total area of the SEM image and was calculated by ImageJ. The UV-Vis extinction/absorbance spectra were obtained using a Shimadzu UV-3600 spectrophotometer.
Results and discussion
One disadvantage of solution-processed deposition techniques is that the formation of the films heavily depends on substrate wetting/dewetting processes. Good wettability of the solution on the underlying substrate is essential to form a uniform film. This is especially important for nanoparticle film deposition, in which the low viscosity of the solution already limits nanoparticle attachment to the substrate. Therefore, the surface tension of the solution must be carefully designed in order to deposit the nanoparticle film onto a specific type of substrate. On the other hand, the RIR-MAPLE technique offers a very simple and general method to deposit nanoparticles onto different types of substrates using the same deposition parameters. Figure 1a shows photographs of silver nanoparticle films deposited by RIR-MAPLE onto a variety of substrates, including inorganic substrates (silicon, glass), metallic substrates (aluminum foil), plastic substrates (scotch tape, parafilm), and a paper substrate. The origin of the general applicability of the RIR-MAPLE deposition process, regardless of underlying substrates, is that it is a ''dry'' deposition technique compared to solution-processed deposition techniques. Ideally, in the silver nanoparticle deposition, the frozen matrix solution is pure water, which absorbs the laser energy, is vaporized, and pumped away in the evacuated chamber, leaving the nanoparticles to transfer to the substrate in a ''dry'' state. In reality, a minimal amount of water molecules could be codeposited onto the substrate [29] , but the amount of water molecules does not result in any wettability issues similar to solution-processed deposition techniques, as evidenced by the deposited films. This ''dry'' deposition method enables the deposition of nanoparticles onto different substrates and eliminates the need to consider the compatibility between the nanoparticle solvent and substrate. As a specific example, paper substrates, which are good absorbers for most solvents, are not appropriate for solution-processing; yet, RIR-MAPLE can deposit a highquality silver nanoparticle film without detrimental impact on the paper substrate. Figure 1b summarizes the RIR-MAPLE process, in which laser irradiation of a frozen silver nanoparticle/water solution results in the ''dry'' deposition of a silver nanoparticle film. It can be seen from the top SEM image in Fig. 1b that the silver nanoparticles are deposited onto the substrate randomly, stacked one-byone or cluster-by-cluster, without any identifiable pattern. Figure 1c shows the normalized extinction spectra of assynthesized silver nanoparticles in solution and a silver nanoparticle film deposited onto glass by RIR-MAPLE. From the extinction spectra, it can be seen that, whereas the peak position is identical, the width of the extinction peak of the silver nanoparticle film is much narrower than that of the silver nanoparticle solution, indicating that the silver nanoparticle size distribution in the deposited film is more monodisperse than the silver nanoparticles in the solution. Given that it is possible for silver nanoparticles to resonantly absorb some of the laser energy, a small portion of silver nanoparticles may have been etched away from the target, resulting in a more uniform size distribution; however, as indicated by the extinction coefficient peak after film deposition, most of the nanoparticles are deposited intact. From the film extinction spectrum, the primary peak is around 460 nm in the visible range. The secondary peak near 400 nm arises from a quadrupole resonance, a different electron oscillation frequency compared to the primary dipole resonance [30] . These optical properties of silver nanoparticle films indicate that RIR-MAPLE deposited silver nanoparticles are suitable to enhance the absorption of a polymer with a HOMO-LUMO gap in the visible range, such as P3HT.
RIR-MAPLE also offers a simple way to control the surface coverage of silver nanoparticles on a substrate by tuning either the silver nanoparticle concentration in the frozen target or the deposition time. Figure 2a shows the relation between surface coverage of silver nanoparticles on silicon substrates and the silver nanoparticle target concentration or deposition time. Specifically, the silver nanoparticles are deposited from the RIR-MAPLE targets with concentrations of 0.75, 1.5 or 3 mg/mL. For each concentration, three films are deposited for times of 1, 2 and 3 h. The surface coverage, which is defined as the percentage of silver nanoparticle area to the total area of the image, is determined from SEM images using ImageJ. From the figure, it can be seen that the surface coverage is linearly proportional to both target concentration and deposition time. Therefore, any surface coverage can be obtained by carefully selecting the calibrated target concentration and deposition time. Figure 2b shows the extinction spectra of silver nanoparticle films with different surface coverage, demonstrating that the resonant peak intensity varies linearly with the silver nanoparticle surface coverage, while the peak wavelength does not. Usually, the aggregation of silver nanoparticles induces a red shift in the resonant peak wavelength and decreases the resonant peak intensity. Therefore, the increasing peak intensity and unchanged peak position indicate that the RIR-MAPLE technique does not increase the silver nanoparticle aggregation, even as the surface coverage is increased. Figure 2c shows SEM images of silver nanoparticle films with three different surface coverage values. From the SEM images, aggregated silver nanoparticle clusters are observed, which occur due to the transfer of silver nanoparticle aggregates from the water solution due to the RIR-MAPLE deposition process.
In recent studies, the localized surface plasmon resonance (LSPR) effect of metal nanoparticles has been explored to enhance the absorption of thin films, and it has been applied to increase the efficiency of solar cells [31, 32] . The LSPR effect of metal nanoparticles occurs when the frequency of incoming light matches the frequency of oscillating free electrons in the nanoparticles, resulting in both enhanced scattering and enhanced absorption of the light. For silver nanoparticles, the optimal nanoparticle size is around 80 nm, which results in dominant forward light scattering that enhances absorption in the solar cell active region by increasing the optical path length [31] . For plasmonic organic solar cells, depending on the solubility characteristics of silver nanoparticles, they are either co-dissolved into the hydrophilic hole transport layer solution of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) or the hydrophobic organic active region solution, from which thin films of the nanocomposite are formed by spin-casting [32] . For RIR-MAPLE deposition, the solubility characteristic of the silver nanoparticles does not impact the location at which they can be incorporated because RIR-MAPLE is a ''dry'' deposition process. To test the plasmonic effect of silver nanoparticle films deposited by RIR-MAPLE, the absorbance spectra of RIR-MAPLE deposited P3HT films on bare glass substrates, with and without silver nanoparticles, The identical absorbance intensity indicates the enhanced absorption is due to the plasmonic effect, not thickness variation in different P3HT films are compared. Figure 3 a shows the absorbance spectra of P3HT films on a bare glass substrate and on the glass substrate with three different silver nanoparticle surface coverage. Clearly, enhanced absorption is observed when more silver nanoparticles are incorporated on the glass substrate, underneath the P3HT film, indicating that RIR-MAPLE does not compromise the plasmonic properties of silver nanoparticles. It is worth mentioning that the consistency of the RIR-MAPLE process helps avoid any misinterpretation of the results due to measurement error. For example, the substrate holder can accommodate six substrates for a single P3HT film deposition such that the deposition conditions for each of the six substrates are identical. Three of the six substrates were reference samples with bare glass substrates, and the remaining three samples had films of different silver nanoparticle surface coverage. From Fig. 3b , it can be seen that the reference P3HT samples show exactly the same absorption intensity, indicating the enhanced absorption of P3HT on the three substrates with silver nanoparticle films results from the plasmonic effect, not variation of the P3HT film thickness.
Summary
In summary, RIR-MAPLE is demonstrated to be a simple and general technique to deposit silver nanoparticles for plasmonic applications. The precise control of the amount of nanoparticles deposited onto any type of substrates, without compromising nanoparticle properties, is the key feature of the RIR-MAPLE technique. This versatile approach is attractive for the deposition of nanoparticles for special applications that require specific substrates or configurations.
